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Abstract In this paper, we introduce the pulsed laser abla-
tion in liquid technique for the synthesis of tungsten oxide 
nanoparticle colloid in water. Tungsten trioxide nanoparti-
cles produced at different laser fluence in DD water at room 
temperature by pulsed laser ablation of the W target have 
been studied. The effect of increasing laser fluence on the 
structural, morphological and optical properties of  WO3 
NPs was investigated by using X-ray diffraction (XRD), 
optical properties, photoluminescence (PL), scanning elec-
tron microscope (SEM), energy-dispersive X-ray spectros-
copy and transmission electron microscopy (TEM). The 
XRD data demonstrated that all of the produced  WO3 NPs 
are polycrystalline and confirm producing  WO3 NPs in all 
samples at water environments. The absorption spectra of 
all samples contained the excitonic/plasmonic absorption 
peak of  WO3 NPs. Direct optical energy gap of  WO3 NPs 
prepared at different laser fluence was in the range of 3.02–
3.1 eV at room temperature. The PL measurement indicates 
a peak emission centered at 404 nm, and increasing the 
laser fluence results in a redshift. The PL spectra showed 
band-to-band transitions and  WO3 oxygen vacancies. The 
surface morphology of  WO3 NPs investigated by FESEM 
revealed the formation of spherical NPs morphologies, and 
the TEM result shows the particle size and concentration 
of wo3 increased from 6 to 33 nm with increasing laser flu-
ence. The goal of this experiment was to demonstrate how 
the laser fluence might be used to regulate the concentering 
of  WO3 nanoparticles. In other words, laser fluence are a 

helpful tool for managing the concentering and particle size 
of created  WO3 nanoparticles.

Keywords WO3 NPs · Pulsed laser ablation · 
Nanoparticles · Surface plasmon · Exciton

Introduction

Yellow powdered tungsten oxide  (WO3) has a density of 
7.16 g/cm3, a melting point of 1473 °C and a boiling tem-
perature of 1700 °C. It is insoluble in water and most acids 
(apart from hydrofluoric acid) but soluble in ammonium 
hydroxide, where it forms a tungstate [1–5]. Tungsten oxide 
 (WO3) has small bandgap between 2.7 and 3.1 eV, and it 
makes substance that is active in the visible light spec-
trum.  WO3 is a stable semiconductor material [6]. Since 
tungsten has a 5d4 6s2 outer electron configuration, it may 
exist in five distinct valence states in its compound, includ-
ing + 2, + 3, + 4, + 5 and + 6, with the possibility of several 
valence states existing simultaneously.  WO3 is the highest 
tungsten oxide state. The oxygen ratio in  WO3 is commonly 
stated in the form of  WO3−x, such as  WO2.90,  WO2.83 and 
 WO2.72. Due to the lack of oxygen, some W6 + is converted 
to W5 + , resulting in a mixture of W5 + and W6 + [7, 8]. 
The color of  WO3 varies with the amount of oxygen present. 
 WO3 looks yellow,  WO2.90 looks purple,  WO2.83 looks dark 
blue, and  WO2.72 looks blue [9]. Monoclinic II (-WO3) is 
among the frequent  WO3 crystal phases [10, 11], monoclinic 
I (γ  WO3) [12], triclinic (δ-WO3) [13, 14], orthorhombic 
(β-WO3) [15] and tetragonal (α-WO3) [16, 17].  WO3 changes 
in shape depending on temperature, becoming tetragonal 
above 740 °C, orthorhombic between 330 and 740 °C, mon-
oclinic I between 17 and 330 °C, triclinic between − 43 and 
17 °C, and monoclinic II below − 43 °C [18].
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Due to its unusual physicochemical characteristics, it has 
the potential to be used in a variety of technical domains, 
including lithium-ion batteries [19–21], photocatalysts, solar 
energy devices [22, 23], smart windows, electronic informa-
tion displays and electrochromic devices [24–30].

While  WO3, ZnO and SnO are commonly employed in 
sensor gas applications, tungsten in particular can detect 
hazardous and harmful gases such as  NO2,  NH3, acetone 
[22, 31], carbon monoxide,  H2S and hydrocarbons such as 
benzene and methane [32–34]. However,  WO3 is scarce and 
it is vital to produce it because of price rises and export limi-
tations imposed by manufacturing countries that influence 
its availability [35].

The extremely common semiconductor metal oxides 
used in optoelectronic devices include  WO3,  MoO3,  SnO2, 
 TiO2 and ZnO. Surprisingly, among the total,  WO3 is used 
in many electronic devices because to its tunable properties 
of high thermal stability, visible range optical absorption, 
surface morphology and chemical composition [36, 37].

Due to their new physical and chemical characteristics 
that differ fundamentally from the comparable bulk mate-
rial, metal oxide nanoparticles are frequently employed as 
functional components in sensing, catalysis, optoelectronics 
and other fields [22, 38–41]. Nanotungsten has been man-
ufactured in a variety of forms for industrial use, includ-
ing nanoflowers, nanowires, nanoparticles, nanorods and 
nanosheets [32, 42–48]. It was formed from a variety of 
techniques, including spray pyrolysis, electrodeposition, 
anodization, sol–gel and hydrothermal processes [49–53]. 
Pulsed laser ablation in liquid (PLAL) is a method in which 
a target material is submerged in a vessel containing liquid. 
Liquid-phase pulsed laser ablation (LPPLA) is the same as 
PLAL, and this approach is not only easier to use and less 
expensive, but it also does not result in the generation of 
any undesired reaction products [54]. Pulsed laser ablation 
in liquid is one of the most useful ways for creating novel 
materials. Ablation of metal targets in liquids produced col-
loidal solutions containing NPs has been described. Because 
of their superior photochemical and photophysical capabil-
ities as compared to bulk, metal NPs are projected to be 
employed as functional materials [55, 56]. Several factors, 
including laser intensity, wavelength, pulse width, ablation 
time and liquid media type, may all play an essential role in 
determining the product characteristics in the PLAL pro-
cess [57]. This study has successfully produced  WO3 NPs 
in water using an ND: YAG laser with a 38.21–89.11 J/cm2 
laser fluence. Researchers previously investigated the  WO3 
NPs produced using chemical methods and pulse lasers 
under various conditions. Hwaidi et.al reported the “Tun-
ing Structural and Optical Properties of  WO3 NPs Thin 
Films by the Fluency of Laser Pulses”. They successfully 
prepared tungsten oxide thin films by the laser pulse deposi-
tion (PLD). Results indicate that when laser fluence rises, 

the film’s structural and optical characteristics improve as a 
result of increased crystallization and film growth [58, 59].

Majid Fakhari et.al created WO3 NPs using a Q-switched 
Nd:YAG laser on a tungsten plate submerged in water at 
varied laser fluencies. The results show that increasing laser 
fluence ranges from 13 to 23 J/cm2. Because of quantum 
confinement induced by particle size expansion, the parti-
cle’s energy band gap narrowed from 3.6 to 3.2 [60].

Breedon et.al, reported the “Synthesis of Nanostruc-
tured Tungsten Oxide Thin Films: A Simple, Controllable, 
Inexpensive, Aqueous Sol–Gel Method.” They propose a 
methodical analysis illustrating a novel technique for spin 
coating to create anhydrous and hydrated nanostructured 
tungsten oxide thin films. Results demonstrate the ability of 
these nanostructures to be converted into anhydrous, partly 
or completely hydrated tungsten oxides. The potential for 
 NO2 sensing has been evaluated, and it was discovered that 
annealed tungsten oxide coatings are very sensitive to low 
 NO2 concentrations [61, 62]

In this study, we discuss the impact of laser fluence on 
the morphological, structural and optical characteristics of 
colloidal  WO3 NPs produced by laser ablation of W targets 
in water without the use of a catalyst. The  WO3 NPs were 
fully characterized by using, UV–Vis spectroscopy, PL spec-
troscopy, XRD, SEM, EDX and TEM.

In this work, we describe the synthesis of tungsten oxide 
nanoparticles from a tungsten target in distilled water with 
the intention of examining how the laser fluence affects the 
characteristics of the generated nanoparticles. The ultimate 
objective is to generate nanometer-sized particles appropri-
ate for constructing a nanostructured material with a very 
high surface-to-volume ratio and physical attributes suited 
for the applications indicated above.

Experimental work

Tungsten oxide nanoparticles were created by laser abla-
tion of a metal tungsten target in distilled water. The tung-
sten target was cleaned before immersion and irradiation 
by dipping it in acetone and washing it in pure water. The 
target disk was placed on an off-axis rotating target holder 
and submerged in distilled water in the ablation vessel. 
At rest, the water level was 3 mm over the objective. The 
ablation was performed using the fundamental (1064 nm) 
of an ND: YAG laser at a repetition rate of 1 Hz and a 
pulse width of 15 ns, with fluencies of 38.21, 50.95, 63.69, 
76.43, and 89.11 J/cm2. These samples were prepared at 
the same number of laser pulses (200 pulses). We meas-
ured the laser energy per pulse as well as the beam spot 
area to calculate the laser fluence on the target, which had 
a spot size of around 1 mm. Figure 1 depicts a schematic 
representation of the pulsed laser ablation in liquid PLAL 
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system utilized in this investigation. A UV–Vis double-
beam spectrophotometer was used to evaluate the optical 
absorbance of the colloidal nanoparticle’s solution (Shi-
madzu UV-1800). At room temperature, with an excitation 
source of 325 nm wavelength, the PL emission spectra of 
 WO3 NPs produced at various laser fluence were recorded. 
Shimadzu’s X-ray diffractometer, model number XRD-
6000, was used to take XRD measurements in order to 
analyze the structural characteristics of  WO3 NPs placed 
on silicon substrate. The structure and particle size of  WO3 
NPs were studied using FESEM (T-scan Vega III Czech), 
and the elemental composition was analyzed using an EDX 
coupled with FESEM. TEM type (CM10 pw6020, Philips, 
Germany) was used to investigate the shape and size of 
 WO3 NPs.

Results and discussion

Figure 2 depicts the UV–Vis absorption spectrum of a fluid 
containing  WO3 nanoparticles at various laser fluence. 
The optical absorption properties of  WO3 NPs colloids 
formed at varied fluence exhibit little variation, which may 
be attributable to morphological similarities. These spec-
tra are displayed in the wavelength range of 280–500 nm 
since higher wavelengths did not reflect unique information. 
The surface plasmon or exciton absorption of  WO3 NPs or 
tungsten W NPs, respectively, may be responsible for the 
observed absorption peaks [63–66]. It is obvious that when 
laser fluence increases, the absorption rises as a result of an 
increase in the particle concentration. Surface plasmon reso-
nance SPR peak was seen at 320 nm due to the quantum size 
effect. The absorption in all samples drops off significantly 
beyond this wavelength [67–69]. It is well known that inter-
band transition absorption is sensitive to particle density and 
does not alter much with particle size. As a result, absorption 
measurements at the wavelength of the interband transition 
are used to calculate the density of nanoparticles and clusters 
in solution [70, 71].

Optical absorption band gap follows a power law when 
incident photon energy greater than the band gap and above 
the exponential [72–75]:

where Eg is the optical bandgap, α is the absorption coef-
ficient, n is an exponent, β is the edge with parameter and 
hʋ is the incident photon energy. As laser fluence increases 
from 38.21 to 89.11 J/cm2, the optical energy gap of  WO3 
NPs decreases from 3.1 to 3.02 eV as illustrated in Fig. 3 due 
to the increase in the particle size and due to the enhanced 
crystallization [76, 77].

The influence of particle size on the band gap can be 
attributed to the so-called quantum confinement (QC) effect 

(1)(�hν) = �
(

hν − Eg

)n

Fig. 1  Schematic diagram of the PLAL used to synthesis  WO3 NPs

Fig. 2  UV–Vis absorption of 
colloidal  WO3 NPs at different 
laser fluencies
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Fig. 3  WO3 energy gap and absorption spectra using various laser fluencies, a 38.21  J/cm2, b 50.95  J/cm2, c 63.69  J/cm2, d 76.43  J/cm2, e 
89.11 J/cm2
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divided into two regimes: the so-called strong and weak. In 
strong QC, nanocrystal size is smaller than the Bohr radius; 
therefore, the electron wave functions directly change. This 
causes the bandgap significantly to modify. In weak QC, 
nanocrystal size is larger than the Bohr radius, so an indirect 
perturbation in the electron wave function due to Coulomb 
effects occurs that causes a relatively smaller shift in the 
bandgap. Here it can be observed that variations of particle 
size strongly affect the band gap energies. Thus, it seems 
strong QC effect has occurred [78].

Figure 4 shows the photoluminescence (PL) emission 
spectra of the  WO3 samples prepared at various laser flu-
ence. At room temperature, photoluminescence (PL) 
spectroscopy is a very beneficial tool which can support 
in revealing the efficiency of charge carrier trapping, the 
energy band structures, information about surface oxygen 
vacancies, imperfections and impurity levels in the materi-
als, immigration and transfer of the electrons/holes in the 
nanomaterials [79, 80]. PL spectra were acquired using 
excitation wavelengths of 325 nm. It observed the photolu-
minescence of 38.21 J/cm2 has an emission peak centered at 
404 nm corresponding to 3.06 eV. PL emission peak behaves 
a redshift toward a longer wavelength range (404–413 nm) 
(3.06–3 eV) was noticed after increasing the laser fluence 
from 38.21 to 89.11 J/cm2. With the increase in the laser 
fluence, the position of the peak has changed accordingly 
and the position of the peak is dependent on the band struc-
ture and size of nanoparticles (NPs). UV emission with a 
central wavelength of 404 nm might indicate the existence 
of defects and oxygen vacancies [78, 81, 82]. Increasing the 
laser fluence led to the increase in the particle size with 
the increase in the intensity of PL emission because larger 
NPs would possess more oxygen vacancies or defects [78, 
82]. The UV–Vis data of energy gap estimated were slightly 

larger than that determined from PL. Table 1 displays the 
predicted energy gap from PL and UV–Vis data as a func-
tion of laser fluencies. The table shows a decrease in the 
energy gap with increasing laser fluence, which indicates an 
increase in particle size with increasing laser fluence. These 
results match the results of UV–Vis. 

XRD tests were carried out to study the crystal structure 
and preferred orientation of the crystallites. For X-ray dif-
fraction (XRD) analysis, a number of droplets of transparent 
colloidal samples generated at various laser fluence were 
positioned on silicon substrates with dimensions of 1 cm 
by 1 cm and 1 mm thick and allowed to dry naturally at a 
range of temperatures from 50 to 70 °C. Figure 5 displays 
the XRD patterns of the samples created by laser fluen-
cies of 38.21, 50.95, 63.69, 76.43 and 89.11 J/cm2. It has 
been shown that samples’ XRD peaks differ from W target 
peaks. It may be inferred that ablated W and water molecules 
engaged in chemical and physical reactions that resulted in 
the creation of  WO3 NPs in the water environment [83–85]. 
Four peaks have been found at 2θ = 25.5°, 39.72°, 43.68° and 

Fig. 4  PL emission spectra of 
samples prepared at different 
laser fluence recorded at 325 nm 
excitation wavelength
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Table 1  Optical band gap, Emission peak and band gap energy of 
 WO3 NPs prepared at versus laser fluencies

Laser fluence 
(J/cm2)

UV–Vis Energy 
gap (eV)

PL

Emission peak 
wavelength (nm)

Band gap 
energy 
(eV)

38.21 3.1 402 3.08
50.95 3.09 406 3.05
63.69 3.07 409 3.03
76.43 3.04 411 3.01
89.11 3.02 413 3
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Fig. 5  a XRD pattern of a  WO3 
NPs prepared at different laser 
fluencies. b Zoom graph of the 
10–45 region XRD patterns of 
 WO3 samples. c Zoom graph of 
the 50–70 region XRD patterns 
of  WO3 samples
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58.77 corresponding to (110), (012), (301) and (220) planes, 
respectively, according to (JCPDS # 33–1387) (JCPDS # 
89–1287) (pdf number # 75–2186). With an increase in the 
ablation energy, the peak’s intensity and sharpness start 
to rise.  WO3 NPs appear a sharp peak at 2θ = 58.77 corre-
spond to (220) plane and exhibited preferential orientation 
along (220) plane of all the samples, as shown in Fig. 5. By 
increasing the laser fluencies from 38.11 to 76,43 J/cm2, 
the intensity of (220) diffraction peak increases due to the 
increased crystallization [86]. As the laser fluencies increase 
to 89. 11 J/cm2, we show a decrease in the (220) diffraction 
peak intensity and the peak intensity begins to decrease due 
to decreasing the structure crystallization [87, 88]. No shift 
in XRD peak position was noticed with increasing the laser 
fluence.

Figure 5 shows a—XRD pattern of a  WO3 NPs prepared 
at different laser fluencies, b—zoom graph of the 10–45 
region XRD patterns of  WO3 samples and c—zoom graph 
of the 50–70 region XRD patterns of  WO3 samples [the 
Scherrer formula is used to calculate the size of crystallites] 
[89–92].

where λ is X-ray wavelength, β is the full width at the half 
maximum and k is constant 0.89 < k < 1 change with Miller 
indices and crystallite shape, but is frequently close to 
0.94and θ is the diffraction angle. Table 2 shows the rela-
tionship between crystallite sizes of  WO3 was calculated 
for (220) plane have been found at 2θ = 58.7° and laser flu-
ence. It is observed that the crystallite size increases from 
38.08 to 71.65 nm as the laser fluence rises from 38.21 to 
89.11 J/cm2. Where the values of the crystallite size are 
found that 38.08, 47.92, 65.79, 71.65 and 72.37 nm corre-
sponding to the laser fluence of 38.21, 50.95, 63.69, 76.43 
and 89.11 J/cm2, respectively.

It is found 38.08, 47.92, 65.79, 71.65 and 72.37 nm cor-
responding to the laser fluence of 38.21, 50.95, 63.69, 76.43 
and 89.11 J/cm2, respectively.

FESEM was used to examine the morphology of the 
 WO3 NPs as shown in Fig. 6 which shows for the five sam-
ples a, b, c, d and e produced using various laser fluencies 
38.21, 50.95, 63.69, 76.43 and 89.11 J/cm2, respectively. 

(2)D = k�∕ (� cos �)

These samples were prepared by the deposition of the  WO3 
colloidal using a drop cast method on the quartz substrate. 
FESEM pictures revealed that the crystallization of  WO3 
NPs increased with increasing laser fluence due to increased 
grain size. The  WO3 NPs have been seen to aggregate and 
agglomerate. Increased laser fluence causes an increase 
in particle density in liquid due to increased ablated vol-
ume. Raising the laser fluence causes the creation of tiny 
 WO3 droplets, which are fractured by their contact with the 
incoming laser beam, followed by fast quenching, resulting 
in the synthesis of bigger nanoparticles, therefore lower-
ing the interfacial distances between them [93, 94]. Particle 
agglomerate was showed as the laser fluence above 63.69 J/
cm2. NPs can be observed to be spherical and attached to one 
another. Further increasing in the laser fluence leads to the 
formation of larger spherical particle structure.

The elemental composition of the samples was investi-
gated using EDX analysis. Figure 7 depicts the EDS spectra 
of samples prepared at various laser fluencies. All of the 
samples’ spectra show the presence of W and O elements. 
The Au signals found in the EDS spectra are attributable 
to the gold coating on samples prior to EDX examination 
[95]. EDX spectra show very high W peak may be as a result 
of superposition of the X-ray [96, 97]. EDX measurements 
explain that the laser fluence increases with the increase in 
the concentration of the ratio O/W as a result of oxidation 
processes.

Table 3 presents the effect of laser fluence on [O]/[W] 
wt% ratio, We can see from the table that the ratio of [O]/
[W] wt% increases when the fluence of the laser is increased, 
and the values of [O]/[W] wt% ratio were 0.29, 0.40, 0.43, 
0.93 and 0.99 for colloidal prepared at laser fluence of 38.21, 
50.95, 63.69, 76.43 and 89.11 J/cm2, respectively.

Based on EDX data, the best values of [O]/[W] wt% ratio 
for colloidal were found for sample at 76.43 and 89.11 J/cm2.

While the proportion of oxygen has increased, this sug-
gests that the atom is more likely to receive an electron to 
achieve a stable state [86], as shown in Fig. 8.

The spherical nanoparticles were created using a 1064 nm 
Nd:YAG laser at various fluencies between 38.21 and 
89.11 J/cm2 according to TEM pictures.

Figure 9 shows TEM and particle size histogram for 
wo3 nanoparticles prepared with different laser fluencies a 

Table 2  Average crystallite 
size of  WO3 obtained from 
XRD at different laser fluencies

No Laser fluence
(J/cm2)

2θ (deg) 2θ/2 khl FWHM DXRD
(nm)

1 38.21 58.7° 29.24 220 0.19 38.08
2 50.95 58.7° 29.33 220 0.151 47.92
3 63.69 58.7° 29.33 220 0.11 65.79
4 76.43 58.7° 29.295 220 0.101 71.65
5 89.11 58.7° 29.295 220 0.1 72.37
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Fig. 6  FESEM images of  WO3 
NPs synthesized at different 
laser fluencies a 38.21 J/cm2, b 
50.95 J/cm2, c 63.69 J/cm2, d 
76.43 J/cm2, e 89.11 J/cm.2



2347J Opt (July 2024) 53(3):2339–2354 

1 3

Fig. 6  (continued)

Fig. 7  EDX spectra of wo3 NPs synthesized at different laser fluencies a 38.21 J/cm2, b 50.95 J/cm2, c 63.69 J/cm2, d 76.43 J/cm2, e 89.11 J/
cm2
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38.21 J/cm2, b 50.95 J/cm2, c 63.69 J/cm2, d 76.43 J/cm2 and 
e 89.11 J/cm2. Small, spherical particles with low concentra-
tions at low laser fluence were seen in TEM pictures. With 
increasing laser fluence, particle size and concentration rose 
from 6 to 33 nm. The sample generated with 89.11 J/cm2 
laser fluence provided very well-defined spherical forms 
with greater concentration, as shown in Fig. 9, as well as a 
high agglomeration rate, as demonstrated in the average size 
histograms in Table 4, where the table shows an increase in 
average particle size in TEM pictures as the laser fluence 
rises from 38.21 to 89.11 J/cm2. This result agrees with the 
results of previous studies [98–102]. This may be attributed 
to the elevated probability of collision between the vapor 
atoms and ions within the plasma plum leading to larger-
sized particles as mentioned elsewhere [103–105]. This 
result agrees with SEM result mentioned earlier. 

Conclusion

WO3 NPs have been successfully synthesized by nanosec-
ond pulsed laser ablation in liquid. FESEM observed the 
formation of a spherical shape and an increase in the size 

distribution due to increasing laser fluence. The absorp-
tion spectrum demonstrates the edge of NPs performs 
around ~ 320 nm, which is blueshifted from the absorption 
edge of bulk material. The values of the obtained energy gap 
change from 3.1 to 3.02 eV according to the fluence of laser. 
TEM result shows the particle size and concentration of  wO3 
increased from 6 to 33 nm with increasing laser fluence. All 
of the previous findings support the significant potential of 
laser ablation in liquids as a viable technology for produc-
ing tungsten oxide nanoparticle colloids without the need of 
chemical reagents in a simple, streamlined and cost-effective 
manner. This experimental work also aims to show how 
varying the laser fluence may be used to control on the size 
of  WO3 nanoparticles in this range of ablation parameters.

There are a few limitations in this study, it requires the 
speed of conducting examinations of the samples in order 
for the results to be accurate.

It is expected that there will be many future studies on the 
effect of the rest of the laser parameters (wavelength, number 
of laser pulses, etc.) on the optical, structural and morphol-
ogy properties of  WO3 NPs produced by pulsed laser abla-
tion in liquid environment because of the importance of this 
material in many applications as mentioned earlier and also 
this method (PLAL) is easy to use and less expensive and 

Table 3  [O]/[W] ratio and stoichiometric percentage as function of 
laser fluence

Laser fluence
(J/cm2)

W % O % O/W

38.21 77.5 22.5 0.29
50.95 71.3 28.7 0.40
63.69 69.9 30.1 0.43
76.43 51.6 48.4 0.93
89.11 50.1 49.9 0.99

Fig. 8  Concentration of the 
ratio O/W of  WO3 NPs at the 
fluence of 38.21, 50.95, 63.69, 
76.43 and 89.11 (J/cm2)

Table 4  Average particle size 
using different laser fluencies

Laser fluence (J/
cm2)

Average 
particle size 
(nm)

38.21 6
50.95 14
63.69 16
76.43 28
89.11 33
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Fig. 9  TEM and particle size histogram for wo3 nanoparticles prepared with different laser fluencies a 38.21 J/cm2, b 50.95 J/cm2, c 63.69 J/
cm2, d 76.43 J/cm2, e 89.11 J/cm2
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does not result in the generation of any undesired reaction 
products.
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